Pipeline is a conventional, efficient and economic way for oil transportations. The use of a good system for detecting and locating leaks in pipeline contribute significantly to operational safety and cost saving in petroleum industry. This paper aims to study the heavy oil-water flow in vertical ducts including leakage. A transient numerical analysis, using the ANSYS-CFX ® 11.0 commercial software is performed. The mathematical modeling considers the effect of drag and gravitational forces between the phases and turbulent flow. Mass flow rate of the phases in the leaking orifice, the pressure drop as a function of the time and the velocity distributions are presented and discussed. We can conclude that volumetric fraction of phases and fluid mixture velocity affect pressure drop and mass flow rate at the leak hole.
Introduction
The activity of oil production is subject to high risks. Even the petroleum industry running preventive measures, there is always the possibility of failure, making the industrial plants susceptible to operational accidents with loss of fluid to environment, causing great ecological, social and economic damages, with delay in oil production. A proper supervisory system must be capable of detecting leaks in oil installations, enabling immediate action to reduce the impacts of accidents and contributing significantly to operational safety. The simultaneous flow of two immiscible liquids in vertical pipes is encountered in different industrials processes and particularly in the petroleum industry [1] .
Because of importance, many authors have focused their researches in methods of leak detection in pipes on oil production and transport [2] [3] [4] .
However, in different applications, including oil transportation, accurate locations of the leaks is still very difficult. In present day various leak detection techniques based in the negative pressure wave, acoustic sensors, satellite surveillance, mass and volume balance, analytical model-based method, among others, has been applied. All these methods are based in process variables such as pressure, mass and volumetric flow rates and temperature [5] .
According to Dong et al. [6] , the negative pressure method, which supplies high leak sensitivity and availability, is a relatively better method among them. Unfortunately this method has a high possibility of false alarm if there are some strong raises in the pressure measurement records or if the leak is small (0.5% of nominal flow) [4, 5] .
Thus, this paper aims to numerically study the hydrodynamic of heavy oil-water flow in a vertical pipe having a small leak, which is much more difficult to detect by conventional systems [7] . The interest in heavy oil is in fact that recent studies indicate that in 2025 this kind of oil will be the main source of fossil energy in the world [8] .
Methodology

The Geometry and Grid
The study domain (Figure 1) consists of a vertical pipe with 800 cm (8 m) of length, with a constant circular section 15 cm diameter. To simulate the leakage, the pipe has a circular hole, with 0.6 cm diameter, located at the midpoint of the length of pipe. Figure 2 illustrates the mesh representing the study domain, which was built with the support of ICEM-CFD ® 11.0 software. This structured mesh was obtained after various refinements, and it has 327,327 hexahedral elements.
Mathematical Modeling
To investigate the multiphase flow of heavy oil-water in vertical pipes leaking, it was considered three-dimensional, transient and isothermal flow, non-homogeneous model for the fluid mixture (particle model) and homogeneous model for turbulence (k-ε model). The homogeneous model considers a single field for both phases, while in the non-homogeneous model is considered a specific field for each phase [9] .
On the mathematical modeling, the index α represent the continuous phase (oil) and the index β represent the dispersed phase (water). The dispersed water phase is modeled as spherical particles.
The general equations used in this work are:
where f is the volume fraction, ρ is the density and
is the velocity vector, each corresponding to a given phase;  Momentum Equations,
where p' is the modified pressure, μ eff , is the effective viscosity, S M is the momentum sources due to external body forces (when gravitational forces are includes) and D is the drag force between the phases, that is modeled by the equation
where C D is the drag coefficient and A is the interfacial area density. For Re < 1000, the drag coefficient is modeled by Schiller-Naumann model,
and for Re ≥ 1000, the drag coefficient is considered 0.44, where Re represents the particle Reynolds number, modeled by
where d β is the diameter of spherical particles (3 mm). The interfacial area density, A, is modeled by the equation
where ρ m is the density, k is the kinetic energy, m is the velocity vector, μ m is the viscosity, μ t is the turbulent viscosity, P k is the turbulence production and ε is the turbulence eddy dissipation, each corresponding to a mixture;
where C k = 1.0, C ε1 = 1.3, C ε2 = 1.44 and C ε3 = 1.92. In the k-ε model the parameters as follows
where p din is the dynamic pressure, μ α /μ β is the viscosity of phase and C μ = 0.09. The dynamic pressure is calculated by the equation
In multiphase flow, the total pressure acting in the phases, p tot , is modeled by
where p st is a term correspondent to the static pressure.
Initial and Boundary Conditions and Fluids Properties
Initially (at time t = 0), the leak in the pipe does not exist, and the multiphase flow occurs in steady state condition. When t > 0 the leak appears abruptly in the pipeline. Tables 1 and 2 shows the initial and boundary conditions used in the simulations. Simulations were performed with the following situations:
1) Oil volume fraction at the inlet, f o , ranging from 0.75 to 1.00 (step 0.05) and the water volume fraction at the inlet, f w , corresponds to the remaining fraction, with the velocity mixture at the inlet, U, fixed in 1.00 m/s; 2) Mixture velocity, U, ranging from 0.75 to 2.00 m/s (step 0.25), with the water volume fraction, f w , and oil volume fraction, f o , fixed in 0.15 and 0.85, respectively. The adopted properties of the fluids are showed in Table 3 . Table 4 shows the considerations adopted for the numerical solver.
Results and Discussion
The simulations were performed on a Intel ® Core 2 Quad 2.4 GHz, 4 GB RAM and 1 Tb physical memory (HD) computer. The solving time of the studied cases ranged from 10 to 11 hours. Figure 3 shows the total mass flow rate relationships on the leakage, m leak /m in , as a function of oil volume fraction at the inlet section, f o,in , to post-leak system. We can see that the smaller the oil volume fraction, consequently, greater the water volume fraction in the mixture, thus we have a large amount of fluids exiting in the leak. This behavior is explained by the reduction of the viscosity of the fluid mixture, proportional to the water holdup contained in it. Figure 4 shows the total and oil mass flow rates in the leak, m leak , as a function of the oil volume fraction at the inlet section of pipe, to post-leak system. Note that the amount of water and oil mass flow rate in leak is proportional to the holdup of phases present in the mixture. Equations (21)-(23) were obtained by fitting the bared on the numerical data. Figure 5 shows the total mass flow rate relationships in leakage, m leak /m in , as a function of the fluid mixture velocity at the inlet, U m,in , to post-leak system. It is noted that with increasing velocity, there is a reduction in the total mass flow rate through in the leaking. However, there is a reversal point (U m,in = 1.50 m/s), where by increasing the velocity of flow, we have an increased total mass flow rate in the leaking. This reversal point would be the point where the inertial forces of the flow becomes less than the forces caused by pressure differential between the inside and outside of the pipeline leaking (pressure gradients). Figure 6 shows the mass flow rate in the leak, m leak , as a function of the mixture velocity at the inlet, to post-leak. It is visible that increasing the mixture velocity at the inlet, the oil mass flow in the leaking increase, and the water mass flow is practically constant. Equations (24)- (26) were obtained by fitting the bared on the numerical data. (26). These equations were obtained by the method of the least squares. Figure 7 shows the oil velocity vectors at the leakage section, for some oil holdups in the mixture at the pipe inlet (f o,in = 0.80, 0.90 and 1.00). Note that by reducing the oil holdup, and thus, increasing the water holdup, there is a greater spread in the leakage, with a larger angle, taking as reference to the longitudinal direction of the pipe. Figure 8 shows the velocity vectors at the leakage section, for some fluid mixture velocities at the pipe inlet (U m,in = 1.00, 1.50 and 2.00 m/s). It is visible the small influence of the velocity in the leak spread and angle. Figure 9 shows the total pressure drop, Δp tot , as a function of the time, t, for different oil volume fractions at the inlet, for a pipe section of 4 m length, where the leak is in the midpoint of this section. In all cases, it is visible reduction in the pressure drop at the initial instants of the leakage. The transient period is short (less than 0.03 s), as expected, due to low mass flow rate through out the leak hole. Reduction in the pressure drop is greater with the increase of the water holdup in the mixture. After the flow reaches a new steady state (t > 0.025 s), the pressure drop reach the same level before the leakage. This level is greater for the cases where the water volume fraction in the mixture is greater, since the water has a density higher than the oil, increasing the static pressure drop portion, which is the most representative portion of the total pressure drop. Figure 10 shows pressure drop as a function of the time, for different mixture velocities at the inlet, for a pipe section of 4 m length, where the leakage is located in the midpoint of this section. Similarly, it is visible the reduction in the pressure drop in the initial instants of the leakage. The transient period is too short, being less than 0.025 s. The higher pressure drop in transient state is obtained as the mixture velocity at the inlet is increased. Figures 11 and 12 show, respectively, the total pressure and the oil velocity fields near the leakage section (in the transversal plan), for a case with the mixture velocity in the inlet 1.00 m/s and the oil and water volume fractions are 0.85 and 0.15, respectively. We can see that the leakage region is one zone of low pressure and high velocity. This behavior was found in all cases analyzed in this paper.
Conclusions
In this paper the hydrodynamic of two-phase flow in vertical pipe with a leakage is discussed. The study is related to heavy oil-water flow in the turbulent regime by using the ANSYS-CFX ® 11.0 commercial software. The simulations revealed the difficulty of detecting small leaks (less than 1% of the total mass flow rate transported in the pipeline), since the time interval of pressure drop observed is very short (less than 0.03 s). This research revealed too that in heavy oil-water flow it is more easy to detect leaks when the pipe operate with high fluid velocities and greater water volume fraction in the mixture at the pipe inlet. It was verified that the oil volume fraction in the mixture affect strongly the spread and the exit direction of the oil in the leakage hole.
